This paper describes the versatile nature of clay that was obtained from Suez Gulf, Suez city, Egypt, as a new low cost natural resource which is non toxic to ecosystem and highly effective adsorbent material. The properties of the natural clay and its significance in removing Th(IV) and Ce(IV) as a representative of tetravalent actinides and lanthanides, respectively, La(III) as a representative of trivalent lanthanides as well as homologues of americium and Sr(II) as one of the fission products, in aqueous solutions have been studied, in order to consider its application for nuclear waste treatment. Batch experiments have been carried out to determine the effect of various factors such as initial metal ion concentration, clay dose, pH, contact time, and temperature on the adsorption process. The results have dictated that, the adsorption efficiency of the natural clay was significantly high at pH = 4. Maximum metal ion uptake capacity of clay has been obtained from batch studies was 99.24, 98.21, 77.76 and 57.94% for Th(IV), Ce(IV), La(III) and Sr(II), respectively. The thermodynamic parameters (H o , S o and G o ) have been calculated from the temperature dependent adsorption isotherms. Furthermore, separation factors () have been calculated in order to separate these elements from each other at pH = 4. Adsorption Natural clay Separation factor Radioactive waste Batch experiments Thermodynamic parameters
Introduction
The long-lived radionuclides in radioactive waste have been considered to be dangerous pollutants, and their migration with ground water is strongly affected by adsorption on the geologic materials. The presence of radionuclides and toxic metals in wastes is of major environmental concern. Such wastes arise from technologies producing nuclear fuels, and from laboratories working with radioactive materials [1] . In all cases radioactive waste need to be managed responsibly to ensure public safety, protection of the environment, and security from malicious intervention now and in the future. This need would remain even if it were to be decided tomorrow to discontinue nuclear power programs or other uses of radioactive materials. The toxic nature of these radionuclides, even at trace levels, has been a public health problem for many years [2] . Among the discernible factors influencing the migration of radionuclides in natural environments, adsorption is one of the more important, so the adsorption procedures are introduced as a favorable way for the remediation of aquatic waste because of its efficacy, practicality and economical feasibility, as depending on the used adsorbents. Adsorption methodologies have been proposed as an alternative process for resolving such problems [3] [4] [5] [6] [7] [8] . Adsorption of radionuclides on clay minerals has been studied intensively in the last decades [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Clays are hydrous aluminosilicates broadly defined as those minerals that make up the colloid fractions of soils, sediments, rocks and water and may be composed of mixture of fine grained clay mineral sand clay-sized crystals of the minerals such as quartz, carbonate and mineral oxides [22] .
The adsorption capabilities of clay results from a net negative charge on the structure fine grain silicate minerals, giving clay the ability to attract and hold cations [23] . This negative charge is neutralized by the adsorption of positively charges species. Clays have been attracted attention due to the heterogeneity of their surfaces and some have been found to possess the ability to adsorb ions from solutions and release them later, when the conditions change [24] . Studies have shown that natural clay is an appropriate adsorbent for heavy metal removal due to its efficiency, low cost and availability [25] . The adsorption capabilities of natural clay are attributable to their high surface area and exchange capacities [26] . Among different applications of clay, is the removal of the radionuclides which are troublesome waste materials in nuclear industry [27] [28] [29] .
The present work was performed in order to investigate and introduce the natural clay obtained from Suez Gulf, Suez city, Egypt, as a new low cost, environmental friendly and highly effective adsorbent material for practical use in removal of Th(IV), Ce(IV), La(III) and Sr(II). The physicochemical properties of the clay were studied using different characterization techniques such as X-ray fluorescence (XRF), X-ray diffraction (XRD), FT-IR and scanning electron microscopy (SEM). The comparative adsorptive features with reference to initial metal ion concentration, clay dose, pH, shaking time, and temperature were investigated. with an EDX detector. X-ray diffraction (XRD) was carried out using Bruker AXS D8 Advance X-ray diffractometer with CuKα radiation λ = 1.54180 Å.
Determination of Th(IV), Ce(IV), La(III) and Sr(II)
A simple and sensitive spectrophotometric methods based on colored complexes of Arsenazo III with Th(IV) [30] , Ce(IV), La(III) [31] and Sr(II) [32] in aqueous medium were used for their determination. The concentration of metal ions in the solution before and after adsorption was determined with a Unicam UV2-300 UV-Vis spectrophotometer, by measuring the absorbance at max of 660 nm for Th(IV), 620 nm for Ce(IV) and La(III) and 643 nm for Sr(II).
Adsorption studies
The adsorption experiments of Th(IV), Ce(IV), La(III) and Sr(II) onto clay in liquid-solid system were studied using a batch technique. The batch studies were carried out in a reciprocating thermostated water bath shaker (GFL-1083 model). The shaking rate was the same for all experiments. The pH of the solution was adjusted prior to the experiments by addition of negligible amount of NH4OH or HNO3 (0.1 M). 0.1 g of clay and 10 mL of standard metal ion solution were shaken at different temperature for various mixing time. Centrifugation was applied to separate solid phase from liquid at 300 rpm for 40 minutes. The amount of sorbed metal ion was estimated from the difference of the metal ion concentration in the aqueous phase before and after the adsorption using Arsenazo III method as complexing agent against reagent blank. For calculating the metal ion concentration, the adsorption of solution was compared with a working curve that was a plot of absorbance versus standard concentration of metal ion. The results of experiments were expressed in terms of adsorption percentage, using the Equation 1. ( 1 ) where Ci and Ce are the initial and equilibrium concentration of metal ions in solution, respectively.
Distribution coefficient (Kd) is defined as the ratio of the concentration of the radionuclide in the sorbent and in the solution at equilibrium. The distribution coefficients were calculated by using the Equation 2. ( 2 ) where V: the volume of the solution (mL) and m is the grams of the clay adsorbent.
The influence of different parameters such as initial metal ion concentration, clay dose, pH, contact time, and temperature on the adsorption process, have been investigated by calculating adsorption % onto the clay by changing one parameter and keeping other parameters constant. All the experiments have been carried out in triplicate. The centrifuge of the solution was carried out at high speed to avoid any solid particles in the aqueous phase.
Results and discussion

Characterization of clay
Mineralogical and chemical composition
The mineralogical composition of the raw clay was investigated by means of the X-ray diffraction (XRD), Figure 1 . The results are listed in Table 1 . Chemical composition for the natural clay was determined by using X-ray fluorescence (XRF) and the data are listed in Tables 2 and 3 .
Determination of cation exchange capacity (CEC)
Layer charge is one of the most important parameters of clay minerals. It determines material properties, which are important for industrial applications. These are mainly rheology properties, swelling, shrinking and the capacity to retain cations. Permanent charge arises from isomorphic substitutions in the tetrahedral and octahedral sheets. For example, each replacement of Si(IV) by Al(III) in tetrahedrons or Al(III) by Mg(II) in octahedrons contributes to the negative layer charge in an amount equal to that of one electron (e). The permanent charge, which is related to the mineral structure and composition and doesn't change with reaction conditions over a wide pH range in aqueous solutions. Variable charge originates from reactions of specific functional groups at clay particle edges. These functional groups can react as either Brönsted acids or base [33] .
Cation exchange capacity (CEC) is a measure of the cations, which balance the negative charge sites of the clay [34] . CEC is usually expressed as the retained excess cation quantity divided by the sample mass. CEC determination of clay was based on exchange with methylene blue (MB). The solution concentration was determined using spectrophotometry at 665 nm by applying Lambert-Beer law and using the known molar absorption coefficient (ε = 95,000 mol −1 L cm −1 ) for the calculation [35] . 200 mg (± 0.5 mg) clay was mixed with 20 mL bi-distilled water and 10 mL of MB solution. The excess MB was sufficient to guarantee complete exchange of the inorganic cations. The suspensions were separated from the supernatants using filtration through 0.2 μm pore size filters. The concentrations of MB in supernatants were determined using spectrophotometry with double-distilled water as the control. The CEC was calculated from the difference between the amount of dye added and the amount of unadsorbed dye and the mass of clay used, which was determined gravimetrically after drying overnight at 105 °C. The CEC values obtained using this method is identified as CEC(MB). The CEC value for the clay was found to be 2.35 mol/g.
FT-IR characterization
The clay was also characterized by FT-IR spectroscopy. FT-IR spectra were collected in the mid-IR range from 4000 to 400 cm -1 with a resolution of 1 cm -1 . The FT-IR spectra of both natural clay before and after adsorption of Th(IV) as an illustrative example are shown in Figures 2 and 3 .
The IR band in the region 3695-3449 cm −1 represents the inner surface-OH stretching vibration and those at 1036, 916 and 794 cm −1 represent the Si-O, Al-OH bending vibrations and Si-O stretching vibration, respectively [36, 37] . The absorption bands at 1642 and 468 cm −1 represent OH bending of water and Si-O-Si deformation/Fe-O stretching, while the bands at 525 and 427 cm −1 are due to Al-O-Si stretching vibration and stretching vibration of structural OH groups [38] . Water give a broad band at 3449 cm −1 corresponding to the H2O-stretching vibrations [39] . The FT-IR pattern show no difference between clay before and after interaction with Th(IV) which has been suggested a physical adsorption phenomenon occurs as a result of attraction forces between the negatively charged clay surface and metal ions under investigation. Such behavior was also observed in case of Ce(IV), La(III) and Sr(II).
SEM studies
The heterogeneity of the clay surface before and after adsorption of Th(IV) as an illustrative example of studied ions has been investigated by the scanning electron microscope to probe the change in morphological features of clay before and after adsorption experiments, Figure 4 . It was clearly observed that, the surface morphology of clay after adsorption is different from that before adsorption. The natural clay shows loose aggregates with porous structure. After adsorption, large amounts of pores on clay disappeared with an increase in adsorption time and as the adsorption time reaches 60 minutes, the surface of the clay demonstrates compact aggregates and doesn't change visibly with further adsorption. SEM results have been showed that, the surface morphology of the clay changed evidently during the adsorption process, indicating that an important interaction at the metal-interface has been occurred in the experimental conditions.
Adsorption experiments
Effect of initial concentration
The relative metal ion uptake onto clay as a function of metal ion concentration has been studied from 20 to 600 mg/L ( Figure 5 ). Maximum adsorption was found in the range 20-100 mg/L and then decreased with increasing initial concentration. In further experiments concentration of 100 mg/L was used. 
Effect of clay dose
The effect of clay dose on adsorption % has been studied by changing the clay dose in the range 100-200 mg, Figure 6 . The data showed that, adsorption % of metal ions increased with increasing clay dose and adsorption % almost constant at higher dosages than 100 mg. This was attributed to as the clay dose increases, a greater number of active sites for exchange or adsorption of metal ions on the mineral surface has been formed. Hence remaining parts of experiments were carried out with the clay dose of 100 mg. 
Effect of shaking time
The influence of shaking time on the metal ions adsorption % onto clay was studied. Samples were shaken in the range of 5-180 min., Figure 7 . As seen from Figure 7 , adsorption % increases with increasing shaking time and equilibrium has been attained within 60 min. The equilibrium has been attained when the adsorption sites on the clay minerals were quickly covered by the metal ions and the adsorption rate became dependent on the rate at which the metal ions were transported from the bulk liquid phase to the actual adsorption site [40] . 
Effect of pH of the solution on sorption
The results emphasized that, with increase in pH of solution, the adsorption % increases for all ions, Figure 8 . The data revealed that, maximum adsorption % onto clay at was achieved pH = 4 and the remains level with increasing pH values at pH  4. The increase in adsorption % with increase in pH can be explained on the basis of increase in the negative surface charge of clay. The variation of surface charge density with increasing pH can be a result of the ionization of surface silanol groups [40] . With increasing adsorption density hydrogen ions pass from surface to solution, and thus change the pH of the bulk solution. The process can be expressed by Scheme 1. 
Scheme 1
At pH ˂ 4, thorium shows a small tendency to hydrolyze, and the exchangeable thorium ion (Th(IV)) dominates [41, 42] [41, 43] . The number of hydroxy groups depends on the pH of solution. Furthermore the hydroxy complexes show a tendency to form dimers [Ce(OH)Ce] 7+ , trimers [Ce(OH)Ce(OH)Ce] 10+ and high polymers having an average charge per single cerium atom less than 4. On the other hand, Lanthanum do not readily hydrolyze, and hydrolysis seems to be negligible below pH = 6.0 [44] . La(III) tend to bind the water molecules and the most common form obtained is [La(H2O)6] 3+ [45] . Based on hydrolysis constants of lanthanum, up to pH = 6, no hydrolysis take places and all the lanthanum would be present as La(III) ions [46] . At pH ˂ 6, strontium mainly occurs as Sr(II) and other possible form is SrOH + [47] .
In present study, it has been supposed that there is an electrostatic effect between the positively charged ions and the negative charged clay. The obtained data of pH study, reveals that metal uptake increases with increase in pH, and the order of metal ion adsorption onto clay nearly at all the pH is Th(IV) > Ce(IV) > La(III) > Sr(II). Furthermore, the reason for low adsorption in acidic solution is the competition between the excess of H + ions in the medium and positively charged cationic species present in solution [48] . Also, higher acid concentrations suppress hydrolysis of the metal ions. In addition, as pH increase there is a decrease of positive surface charge, which results in lower columbic repulsion of the sorbing metal ions [49] . Moreover at low pH values, the surface of the sorbent would be closely associated with hydronium ions (H3O + ) which hinder the access of metal ions to the surface functional group. Consequently the adsorption % may decrease at low pH [49, 50] .
Effect of temperature
The adsorption dependence on temperature (298, 318 and 338 K) is presented in Figure 9 . As seen from this figure, adsorption % decreased with increasing temperature. The adsorption at the studied temperatures usually completed when the surface of clay is covered with a monolayer of metal ion. After the equilibrium, the decrease in adsorption percent with increase in the temperature gave an indication of the exothermic nature of adsorption [51] . The decrease in adsorption % with increasing temperature support the mechanism of adsorption may be mainly of physical nature. One possible interpretation of exothermicity of enthalpy of adsorption is that the metal ions with low hydration energies are weakly solvated in water. The adsorption of metal ions may require at least a partial decomposition of their hydration shell, a process that requires energy input. If the exothermicity associated with the adsorption of metal ions on clay exceeds the dehydration energy of metal ions, then the overall energy balance will lead to exothermic behavior. When the value of ΔH o is lower than 40 kJ/mol, the adsorption can be accepted as a physical process [52] .
The thermodynamic parameters (ΔH o ) and (ΔS o ) were calculated from the slopes and intercepts of ln Kd vs. 1000/T plot ( Figure 10 ) by using Equation 3 , and the Gibbs free energy, (ΔG o ) of specific adsorption was calculated from thermodynamic equilibrium adsorption constants using Equation 4. The relevant data calculated from Equations 3 and 4 are listed in Those data have been suggested that, the adsorption process onto clay was an exothermic and physical adsorption process. Physical adsorption is caused mainly by Vander Waals forces and electrostatic forces between adsorbate molecules and atoms which compose the adsorbent surface [53] . The low values of the entropy (ΔS o ) for clay have been indicated more constraint on the mobility of the adsorbate molecules. The positive values of entropy change (ΔS o ) reflects the affinity of clay toward metal ions in the solutions and may suggest some structural changes in the sorbents [54, 55] . The decrease in ΔG o with decreasing temperature has been indicated more efficient adsorption at lower temperature. It is also evident from the results that, the free energy (ΔG o ) values of the adsorption of metal ions on clay are negative, showing that adsorption processes are spontaneous in nature. 
Efficiency of separation
The process of separation and purification of mixture of radionuclides is of vital importance. One of the well-known processes of separation is the adsorption process which is extensively used. The separation efficiency may be expressed by the separation factor, which (α) is defined by the ratio of the distribution coefficients (Equation 5). ( 5 ) where (Kd)M and (Kd)N are the distribution coefficients values of the elements M and N, respectively. By definition, the value of the separation factor is always greater than unity. The separation factor is sometimes also called the 'selectivity'. The use of this expression is discouraged. As the separation factor increase, the selectivity for the two species M and N increase. It has been shown from the data, maximum uptake occurred at pH = 4, so (α) has been calculated at pH = 4, Table 5 . The data revealed that, the clay is more efficient for separation of Sr(II) from Th(IV) than La(III) and Ce(IV) from Th(IV).
These data produced a good method for separation of Sr(II) (fission product) from Th(IV) fuel where Sr(II) with its long half-life is considered to be the more critical isotope, having a propensity to be strongly retained within the living organisms, mainly in the bones, being a source of long term radiation of bone marrow. 
Conclusion
The efficiency of the natural clay obtained from Suez gulf, Suez city, Egypt for the adsorption of Th(IV), Ce(IV), La(III) and Sr(II) from aqueous solution was investigated using batch adsorption technique under different experimental conditions. The reported results have been showed that the adsorption varied strongly by pH and metal ion concentration. The effect of pH study, revealed that metal uptake increase with increase in pH, and the order of metal ion adsorption onto clay nearly at all the studied pH was Th(IV) > Ce(IV) > La(III) > Sr(II) at pH = 4. Maximum metal ion uptake capacity of clay obtained from batch studies was 99.24, 98.21, 77.76 and 57.94%, respectively. The thermodynamic parameters ΔH o , ΔS o and ΔG o were evaluated as well. The calculated values of ΔH o were found to be of negative values less than 40 kJ/mol, which suggested that, the adsorption of metal ions onto clay surface was of exothermic and physical nature. Furthermore, the negative values of ΔG o have been indicated the spontaneity. Finally, the, separation factor (α) of Th(IV)/Ce(VI), Th(IV)/La(III) and Th(IV)/Sr(II) were calculated and found to be 2.559, 38.092, 95.590, respectively. This study has been showed that the clay has a high adsorption capacity to remove Th(IV), Ce(IV), La(III) and Sr(II) from aqueous solutions and it can be used as an efficient, low cost adsorbent material for the adsorption of radionuclides and toxic metals from contaminated aqueous solutions. The reported method showed high competitive, economic, expediency and ecological safety.
